The Epstein-Barr virus (EBV) glycoproteins N and M (gN and gM) are encoded by the BLRF1 and BBRF3 genes. To examine the function of the EBV gN-gM complex, recombinant virus was constructed in which the BLRF1 gene was interrupted with a neomycin resistance cassette. Recombinant virus lacked not only gN but also detectable gM. A significant proportion of the recombinant virus capsids remained associated with condensed chromatin in the nucleus of virus-producing cells, and cytoplasmic vesicles containing enveloped virus were scarce. Virus egress was impaired, and sedimentation analysis revealed that the majority of the virus that was released lacked a complete envelope. The small amount of virus that could bind to cells was also impaired in infectivity at a step following fusion. These data are consistent with the hypothesis that the predicted 78-amino-acid cytoplasmic tail of gM, which is highly charged and rich in prolines, interacts with the virion tegument. It is proposed that this interaction is important both for association of capsids with cell membrane to assemble and release enveloped particles and for dissociation of the capsid from the membrane of the newly infected cell on its way to the cell nucleus. The phenotype of EBV lacking the gN-gM complex is more striking than that of most alphaherpesviruses lacking the same complex but resembles in many respects the phenotype of pseudorabies virus lacking glycoproteins gM, gE, and gI. Since EBV does not encode homologs for gE and gI, this suggests that functions that may have some redundancy in alphaherpesviruses have been concentrated in fewer proteins in EBV.
The envelopes of herpesviruses include multiple glycoprotein species, some of which are unique to individual members of the family and others of which appear to have been conserved either in sequence, structure, or genomic organization, reflecting a common evolutionary origin. There are two multicomponent complexes of glycoproteins that fall into this latter category. The best studied of the two consists of two conserved proteins, glycoprotein H (gH) and gL that in Epstein-Barr virus (EBV) and human cytomegalovirus (HCMV) associate with an additional protein with less-obvious common ancestry. The apparently unique EBV protein is gp42 (34) ; in HCMV it has been designated gO (24) . This is one complex that appears to have been conserved in function. Multiple studies have been done on the dependency of gH on gL for authentic processing, and the gH-gL complex has been implicated in many herpesviruses as playing a critical role in penetration (10, 15, 18, 20, 29, 36, 45) . EBV is no exception in this regard. A monoclonal antibody to the third member of the complex, gp42 (34) , inhibits fusion of virus with the B-cell membrane (40) . It apparently does so by blocking an interaction with HLA class II which on B cells can function as a coreceptor for virus entry (33) . Antibody to gH likewise inhibits entry of virus into an epithelial cell on which a distinct but as-yet-unidentified coreceptor appears to be used (41, 55) .
Less information is available concerning the second conserved complex of herpesvirus glycoproteins. It consists, as far as is currently known, of only two species, gN and gM. All gN homologs are predicted to be small type 1 membrane proteins of 84 to 138 amino acids with no potential N-linked glycosylation sites. Experimentally, some, such as the 14-kDa pseudorabies virus (PRV) gN (27) and the 15-kDa EBV gN (30) , have been shown to carry O-linked sugars. Others, such as the approximately 8-kDa herpes simplex virus type 1 (HSV-1) gN (1, 6) , the 9-kDa bovine herpesvirus 1 (BHV-1) gN (35) , and the 7-kDa varicella-zoster virus gN (50) , are not glycosylated. In contrast, all gM homologs are predicted to be multiple membrane-spanning proteins of 350 to 475 amino acids, and all except one (17) that have been studied to date are glycosylated (5, 13, 27, 30, 32, 39, 44, 56) . The EBV gM is expressed as several species of approximately 48, 84, and 113 kDa (30) . These either represent oligomers of a single form or result from differential O-linked glycosylation; the predicted sequence of gM includes two potential N-linked glycosylation sites (3), but one is at residue 6 and thus is probably not used.
The association between gN and gM homologs was first conclusively shown for PRV (26) , although previous work with BHV-1 (35) had suggested that gN was more tightly associated with the tegument than many other membrane proteins and had identified a disulfide-linked partner of 39 kDa, originally proposed to be a tegument protein but subsequently shown to be gM (56) . The EBV gN has been shown to associate with gM (30) and, although there has been no formal demonstration of the HSV-1 gN homolog interacting with gM it, too, has been described as linked to the tegument by disulfide bonds (1), so its seems likely that the motif is repeated here as well. It has now perhaps been generally assumed that all gN homologs will be found in association with gM, although the nature of the association may differ from virus to virus, just as there are subtle differences in the behaviors of gH and gL. For example, there is as yet no evidence that the EBV gN-gM homologs are disulfide linked. Authentic processing of EBV gN is dependent on coexpression with gM (30) , but although incorporation of PRV gN into the virion is dependent on gM, O-linked sugars are apparently added normally to PRV gN in its absence (26) .
The function of the gN-gM complex is more obscure than that of gH-gL. Studies of null mutants have provided a mixed picture. The effects of eliminating either gN or gM vary some-what between viruses, and interpretation is complicated by the effect that the loss of one of the two partners may have on the behavior of the other, an effect which in most cases has not yet been explored. Much has been made of the fact that, despite the conservation of the complex throughout the herpesvirus subfamilies, none of the proteins has been shown to be essential for replication of any virus. Indeed, in many cases only minimal effects are seen on growth of virus in vitro. Loss of the VZV gN results in a slightly smaller plaque size (50); loss of the PRV gN has a similar phenotype and produces a virus with a two-to fivefold-lower yield and delayed penetration kinetics (26) . The infectivity of PRV lacking gM is reduced 10-to 50-fold and also has delayed penetration kinetics (13) , although this particular phenotype may best be ascribed to the accompanying lack of gN in the virion (26) . BHV-1 that lacks gN is unimpaired for growth in tissue culture (35) , HSV that lacks gN is unimpaired (48) , HSV that lacks gM has slightly reduced yields in tissue culture (4, 38, 39) , and the glycoprotein does play a role in cell-cell fusion (10) . Loss of the equine herpesvirus type 1 (EHV-1) gM produces a virus that is 100-fold less infectious, has a 2-fold reduction in plaque size, and has a slower rate of penetration (43) .
Two sets of observations, however, provide complimentary explanations for the apparent paradox of conservation of non- essential proteins. The first comes from the observation that those mutant viruses that have been examined for behavior in vivo, i.e., PRV (12) , HSV-1 (39), and EHV-1 (42) that have lost gM, are all significantly attenuated. The second comes from a recent analysis of a PRV mutant which lacked three glycoproteins: gM, gE, and gI (8) . This virus, in contrast to virus deleted only for expression of gM, was significantly impaired in assembly. However, complementation with gM, without expression of gE or gI, restored normal maturation. Both of these sets of studies suggest that in some viruses similar, but subtly different, functions have been assigned to different glycoproteins. They appear to be redundant under the simplest conditions of growth, but their unique contributions may be revealed either if the redundancy is removed or if the environment is made more complex. We report here on the phenotype of an EBV recombinant that lacks gN. The phenotype of this virus is more striking than that of others that lack only this small component of the gN-gM complex. It suggests that functions that in other viruses may have been dispersed among a number of different proteins have in this case been more concentrated in a few. Virus production. EBV was obtained from Akata cells which were resuspended at a concentration of 2 ϫ 10 6 per ml and induced with 100 g of anti-human immunoglobulin G per ml for 5 days. EBV to be used for cell infection was harvested from clarified culture medium that had been passed through a 0.8-m (pore-size) filter.
MATERIALS AND METHODS

Cells
Antibodies. Monoclonal antibody 72A1 to gp350 (23) was obtained from spent culture medium of hybridoma cells grown in RPMI 1640 supplemented with 20% heat-inactivated fetal bovine serum. Three anti-peptide antibodies were made to synthetic peptides corresponding, respectively, to residues 125 to 137 of gp25 (anti-gL) (57) , to residues 44 to 69 of the predicted BLRF1 open reading frame (ORF) (anti-gN), and to residues 346 to 364 of the BBRF3 ORF (anti-gM) (30) . All antibodies were purified by chromatography on protein A (Sigma) coupled to Affigel-15 (Bio-Rad, Richmond, Calif.).
Radiolabeling and immunoprecipitation. EBV proteins were labeled biosynthetically with [ 3 H]glucosamine (20 Ci/mmol; Amersham Corp., Arlington Heights, Ill.) for 20 h at 6 h after induction with anti-human immunoglobulin G as previously described (57) . Labeled cells were solubilized in radioimmunoprecipitation buffer (50 mM Tris-HCl, pH 7.2; 0.15 M NaCl; 1% sodium deoxycholate; 0.1% sodium dodecyl sulfate [SDS]; 0.1 mM phenylmethylsulfonyl fluoride; 100 U of aprotinin per ml) and immunoprecipitated with antibody and protein A-Sepharose CL4B (Sigma). Immunoprecipitated proteins were washed, dissociated by heating to 37°C for 30 min in sample buffer containing 2-mercaptoethanol, and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) in 9 to 18% acrylamide cross-linked with 0.28% N,NЈ-diallyltartardiamide, followed by fluorography.
Derivation of virus in which the BLRF1 ORF is disrupted. Dextran-purified virus harvested from the spent medium of 8 ϫ 10
9 Akata cells was digested with proteinase K, and virion DNA was purified three times by centrifugation in cesium chloride. DNA that sedimented at a density of 1.718 g/ml of cesium was digested with EcoRI. The 8.5-kb EcoRI G fragment which begins at bp 82920 of the B95-8 sequence and ends at approximately bp 91421 and includes the BLRF1 ORF (53) was cloned into the multiple cloning site of pTA.108 Strider (a gift of Joan Stader, University of Missouri-Kansas City). A 1.5-kb XmnI/HincII fragment containing the neomycin resistance (Neo r ) gene under control of the simian virus 40 promoter was digested from pcDNA3 (Invitrogen, San Diego, Calif.), blunt ended and cloned into the BLRF1 ORF (bp 88547 to 88852) which had been opened up at a unique SapI site 51 bp from the initiation codon and blunt ended. The 8.5-kb EcoRI G fragment, now 10 kb by virtue of the insertion of the Neo r gene, was purified and used to transfect Akata cells using DEAE-dextran (2). Twenty million cells were incubated with 5 g of DNA and 0.3 mg of dextran for 90 min at 37°C and then washed, resuspended in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (Gibco-BRL) at a concentration of 10 6 cells/ml, and cultured for 2 days. Cells were then plated at 10 4 cells per well in 96-well tissue culture plates in medium containing 500 g of active G418 (Gibco-BRL) per ml and fed weekly with fresh drug-containing medium. Resistant clones began to emerge after approximately 3 weeks. Drug-resistant Akata cells that were shown by Southern blotting to contain wild-type episomes and episomes that had undergone homologous recombination with the Neo r genecontaining fragment were induced with anti-immunoglobulin. After 5 days, 150 l of spent culture medium, diluted 1/20, was used to infect 2.5 ϫ 10 6 EBVnegative Akata cells. After two further days in culture, the cells were plated in 96-well plates at 10 4 cells per well in medium containing 500 g of active G418 per ml. Resistant clones began to emerge after approximately 3 weeks.
Southern blotting. Cells were digested overnight at 56°C with proteinase K (1 mg/ml in 100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 25 mM EDTA, and 0.5% SDS), and DNA was purified by phenol-chloroform extraction and ethanol precipitation. Purified DNA was digested overnight with HindIII and separated by agarose gel electrophoresis in 0.7% agarose. Separated DNA was transferred to a nylon membrane (Magnacharge) by capillary action, cross-linked, and hybridized either with the 8.5-kb EcoRI G fragment or with the XmnI/HincII fragment of pcDNA3 containing the Neo r gene. Both probes were labeled with 32 P.
Slot blot assays. The amount of EBV DNA in cells or virion particles was measured by hybridization with the BamHI W fragment of EBV DNA labeled with 32 P as previously described (54) and quantified by scanning with a Molecular Dynamics Storm PhosphorImager.
Binding of [ 3 H]thymidine-labeled virus.
Two hundred million Akata cells containing wild-type or recombinant virus were induced with goat anti-human immunoglobulin in 20 ml of medium. After 4 h, 600 Ci of [
3 H]thymidine (20 to 30 Ci/mmol; Amersham) was added, and the volume of medium was increased to 100 ml. After 3 days of incubation, virus was harvested from the culture supernatant by centrifugation and resuspended in 800 l of fresh medium. EBV receptor-positive Raji and EBV receptor-negative P3HR1Cl5 cells were fixed in ice-cold 0.1% paraformaldehyde, and the ability of the radiolabeled virus to bind to the cells in the presence or absence of antibody 72A1 to gp350 was determined as previously described (40) .
Binding of unlabeled virus. Two million EBV-negative Akata cells were incubated with virus for 2 h on ice, after which cells were washed three times with medium. Cells were pelleted at 325 ϫ g for 4 min and resuspended in 40 l of buffer containing 90 mM Tris-borate, 2 mM EDTA, 20% Ficoll 400, and 0.01% bromophenol blue. Cells were then transferred to the wells of a Gardella gel (19) for analysis of the amount of virion DNA bound to cells. Gels were run as described earlier (25) , depurinated, alkalinized, and neutralized before transfer to a Nytran membrane (Schleicher & Schuell, Inc., Keene, N.H.). EBV DNA was visualized by probing with a BamHI W fragment of EBV DNA labeled with 32 P as described above.
Assays of infection of B cells. One million EBV-negative Akata cells were incubated with virus for 2 h on ice, after which the excess virus was removed, the volume was brought to 6 ml, and the cells were incubated at 37°C. Five days later the cells were harvested and analyzed for expression of EBNA1 by Western blotting. In addition, six hundred thousand T-cell-depleted peripheral blood leukocytes were incubated for 2 h at 37°C with 240 l of virus, plated in quintuplicate at 10 5 cells per well in 96-well tissue culture plates, and reincubated for Western blotting. Proteins were electrophoresed in polyacrylamide and then electrically transferred onto nitrocellulose membranes (0.45-m pore size; Schleicher & Schuell) at 125 mA for 6 h. The transferred sheets were reacted overnight with blocking buffer (10 mM Tris-HCl, pH 7.2; 0.15 M NaCl; 5% skim milk; 0.05% sodium azide) containing a 1/500 dilution of EBNA1-positive human serum. They were then washed five times with wash buffer (10 mM Tris-HCl, pH 7.2; 0.15% NaCl; 0.3% Tween 20) for 10 min each time. The washed sheets were reacted with alkaline phosphatase-conjugated goat anti-human antibodies (HyClone) for 2.5 h, and the bound anti-human antibodies were detected by reacting with substrate 5-bromo-4-chloro-3-indolylphosphate (BCIP) and Nitro Blue Tetrazolium (Sigma). Sedimentation analysis of virus. A 24 to 42% continuous gradient of Nycodenz (Sigma) in 1 mM potassium phosphate containing 0.01% bacitracin was made by layering 1 ml of 42, 40, 38, 36, 34, 32, 30, 28, 26 , and 24% Nycodenz in a centrifuge tube and allowing the steps to diffuse overnight at 4°C. Then, 500 l of virus was layered on top of the gradient and centrifuged in a Beckman SW41 Ti rotor at 70,000 ϫ g for 2 h at 4°C. Fractions (500 l) were collected from the top. The refractive index was measured with 25 l; 25 l was then digested with 5 U of DNase I and analyzed by slot blot for the presence of encapsidated virus DNA. The remaining volume was dialyzed against phosphate-buffered saline, and 300 l of each dialysate was bound to 2 ϫ 10 6 paraformaldehyde-fixed EBV-negative Akata cells. Binding was measured by Gardella gel analysis as described above.
Electron microscopy. Ten million Akata cells carrying wild-type or recombinant virus were induced with anti-immunoglobulin for 48 h, pelleted at 350 ϫ g, and washed with cacodylate buffer (0.15 M sodium cacodylate, 2 mM calcium chloride) at 4°C. Cells were fixed overnight at 4°C in cacodylate buffer containing 4% glutaraldehyde, washed three times in buffer alone, transferred to a microcentrifuge tube, pelleted at 250 ϫ g, and resuspended in 50 l of cacodylate buffer containing 10% gelatin that had been prewarmed to 37°C. Cells were pelleted at 250 ϫ g for 2 min and put on ice to harden the gelatin. Each gelatin plug was cut with a razor blade into 1-mm cubes which were rinsed twice in phosphate buffer (100 mM potassium phosphate, 10 mM magnesium chloride; pH 6.0), postfixed for 1 h with 1% osmium tetroxide, rinsed twice in buffer, rinsed twice in water, dehydrated, and embedded in Araldite for sectioning.
Complementation of mutant. The BLRF1 ORF was cloned into the EcoRV site in the multiple cloning region of the pIRESpuro vector (Clontech Laboratories, Inc., Palo Alto, Calif.). The resulting plasmid, pIRES-gN-Puro was linearized with SspI and transfected into the gastric carcinoma cell line AGS. After 48 h the cells were trypsinized and then plated in 96-well plates in medium containing 0.2 g of puromycin (Clontech) per ml. Drug-resistant colonies were examined for expression of gN by indirect immunofluorescence. Those in which at least 10% of the cells were positive were infected with a mixture of recombinant and wild-type viruses that had been concentrated 50-fold. After 48 h, the cells were trypsinized and plated in 96-well plates in medium containing both 0.2 g of puromycin per ml and 500 g of active G418 per ml. Colonies resistant to both drugs were screened by Southern blot for presence of pure recombinant virus lacking gN, for expression of gN from pIRES-gN-Puro, and for the efficiency of induction of the virus lytic cycle after treatment with 30 ng of 12-oϳtetradecanoylphorbol-13-acetate per ml and 2.5 mM sodium butyrate.
RESULTS
Generation of recombinant EBV with a selectable marker in the BLRF1 ORF. A 10-kb fragment of virus DNA that encompassed the BLRF1 ORF and contained the Neo r gene 51 bp from its 5Ј end was transfected into Akata cells carrying EBV episomes and cells in which recombination had occurred were obtained by selection in the presence of G418. To determine whether illegitimate or homologous recombination had occurred in each, DNA was extracted, digested with HindIII, and probed with the 8.5-kb EcoRI G fragment that corresponded to the fragment used for transfection except that it lacked the insertion of the Neo r gene. This probe was predicted to visualize two fragments of 5,155 and 4,585 bp in cells harboring wild-type EBV episomes and an additional fragment of 6103 bp in cells harboring both wild-type and recombinant episomes (Fig. 1A) . Three independently isolated clones obtained from separate transfections were obtained with patterns indicative of homologous recombination in one or more episomes. To derive cells that contained only recombinant episomes in the absence of wild-type episomes, cells from each were induced with anti-immunoglobulin antibody, and virus harvested from the spent culture medium was used to infect EBV-negative Akata cells. Drug-resistant clones that grew out after infection with virus from each parental clone were tested for the ability to be induced to make virus and for the presence of recombinant but not wild-type episomes. One inducible clone from each of two independently isolated parents was selected for further study. Each contained only recombinant episomes, as judged by Southern blotting and probing with the EcoRI fragment. Probing with the XmnI/HincII fragment of pcDNA3 containing the Neo r gene confirmed that the resistance gene was inserted at only one site in the extracted DNA (for an example, see Fig. 1B ). The phenotype of one recombinant is described in detail below.
Lack of expression of gN and mature gM in cells harboring recombinant virus.
To confirm that expression of gN had been lost as a result of insertion of the Neo r gene into the BLRF1 ORF, cells were induced with anti-immunoglobulin antibody, labeled with [ 3 H]glucosamine, and immunoprecipitated with anti-gN, anti-gM, and anti-gL, which immunoprecipitates the three components of the EBV gH-gL complex: gp85, gp42, and gp25. Anti-gN immunoprecipitated the gN-gM complex from cells harboring wild-type episomes and, as previously shown (30), anti-gM immunoprecipitated gM without detectable gN (Fig. 2) . As expected, the gH-gL complex, but not gN, was immunoprecipitated from cells harboring only recombinant episomes. More surprising was the finding that no detectable gM was present in these cells either, despite the fact that the sequence of the gM ORF in the recombinant virus (data not shown) was confirmed to be identical to the wild-type Akata virus sequence. The identical phenotype was seen for the second independently isolated recombinant, confirming that it was unlikely to represent a second site mutation. The failure to detect gM might reflect a very rapid turnover of gM in the absence of its partner or a failure of the protein to be glycosylated. It does, however, argue that the virus that lacks gN also lacks mature gM.
Recombinant virus exits cells less efficiently than does wildtype virus. To examine whether recombinant virus could exit cells normally, a slot blot assay was used to assess the total amount of virus-specific DNA associated with induced cells and the DNase-resistant, encapsidated DNA that could be pelleted from spent culture medium after it had been filtered through a 0.8-m-pore-size filter to remove the cells. A comparison of the ratios of the two for recombinant and wild-type viruses showed that, although they varied from induction to induction, cells harboring recombinant virus consistently released less encapsidated virion DNA than did those harboring wild-type virus (Table 1 ). This contrasts with three other recombinant viruses in which no such consistent reduction was seen (7, 41, 54) .
Recombinant virus associates with electron-dense material in the nucleus. The impairment in egress of recombinant virus stimulated an analysis of virus-producing cells by electron microscopy. Cells making wild-type virus contained the expected condensed and marginated chromatin and capsids in various stages of maturation in the nucleus (Fig. 3) . Virus particles could also be seen in vesicles in the cytoplasm, and enveloped virus was visible outside the cell. In contrast, in cells making virus that lacks gN there was a marked accumulation of capsids within the condensed chromatin itself (Fig. 4) . Although clearly not all particles were within chromatin, a majority were.
Subjectively few viruses were seen in vesicles in the cytoplasm, and the number of cells with extracellular virus was at too low a frequency to detect.
Recombinant virus binds to B cells with the same specificity as the wild-type virus, but less encapsidated DNA attaches to receptor-positive cells. To determine whether the recombinant virus that did egress from the cells was able to bind to receptorpositive cells with the same specificity as wild-type virus, virus was labeled intrinsically with [ 3 H]thymidine, and its ability to bind to receptor-negative P3HR1Cl5 cells or receptor-positive Raji cells in the presence or absence of antibody to gp350 was evaluated. The amount of acid-precipitable radioactivity bound to the cells could be reduced by antibody to an amount similar to that associated with receptor-negative cells, indicating that its specificity of binding had not been altered. The binding of [ 3 H]thymidine-labeled recombinant or wild-type virus to receptor-positive and -negative cells was as follows. The acid-precipitable radioactivity (in counts per minute) bound to Raji cells (i.e., receptor-positive cells) was 1,488 cpm in the absence of antibody and 460 cpm in the presence of antibody 72A1. Radioactivity bound to P3HR1Cl5 cells (i.e., receptornegative cells) was 362 cpm. This is consistent with the behavior of wild-type virus and other recombinant viruses in which gp350 is not disrupted (7, 40, 54) . However, the amount of encapsidated virion DNA that bound to receptor-positive cells was significantly reduced for recombinant virus as judged by Gardella gel analysis. The amount of recombinant and wildtype virion DNA in virus stocks was equilibrated, and equal amounts of each were incubated with EBV-negative Akata cells on ice. Excess virus was removed by washing, and the cells were lysed and digested in the wells of a Gardella gel. Linear virion DNA was run into the gel, Southern blotted, and probed. This protocol allowed analysis of far more cells than could be looked at on a cell blot. The signal could be quantitated by scanning, and scans of exposures within the linear range showed that for different virus preparations the amount of recombinant viral DNA that bound to cells was 10-to 30-fold lower than with wild type. A representative experiment is shown in Fig. 5 in which the identical phenotype is shown by the second independently isolated recombinant virus.
That the specificity of virus binding was unaltered suggested either that the recombinant virus preparations contained a large number of empty capsids that competed for binding or that a majority of the virus was damaged in some way. To test the first possibility, stocks of recombinant and wild-type viruses that contained the same amounts of virion DNA were added singly or as mixtures to EBV-negative Akata cells, and the amounts of DNA that bound were again measured by Gardella gel analysis. Scanning of blots at exposures within the linear range indicated that the amount of virion DNA bound in the mixtures was the same as would have been expected from simple addition of each virus (Fig. 6) . Thus, although less recombinant virus bound to cells there was no evidence that this was because the recombinant stocks contained empty virions that could compete for binding.
To test the second possibility, i.e., that virus was damaged in some way, equal amounts of recombinant and wild-type viruses, as judged by virion DNA content, were sedimented through a 24 to 42% Nycodenz gradient. Fractions were collected, and aliquots of each were analyzed by slot blot to measure viral DNA content and by Gardella gel analysis to measure their ability to bind to EBV-negative Akata cells. The majority of wild-type virus measured both in terms of DNA content and in terms of ability to bind to cells was found in the first 10 fractions at the top of the gradient (Fig. 7A) at a density consistent with that previously reported (16) . In contrast, the majority of recombinant virus, measured by the same criteria, was present in fractions 18 through 21 (Fig. 7B) , a finding consistent with previous observations of de-enveloped or partially damaged enveloped virions sedimenting at this higher density (51) . Also, a much smaller proportion of the recombinant virus was able to bind to cells, although expansion of the scale of Fig. 7B (Fig. 7C) demonstrates the presence of a small amount of virus sedimenting in fractions 5 and 10 that was able to bind to cells. Both observations were consistent with the release of only a very small amount of completely enveloped recombinant virus. The viability of cells producing recombinant virus was consistently about 50% less than those making wild-type virus at 72 h after induction, even though similar numbers of cells were induced. This suggested that improperly enveloped particles might be being released from the recombinant cells as a result of cell death and lysis.
Recombinant virus is reduced in infectivity for B cells, but this loss cannot be solely attributed to reduced binding. The ability of two independently isolated recombinant viruses to transform resting B cells was reduced equally by 1,000-fold (Table 2) , although the binding of virus had been reduced by a factor of Ͻ100-fold (Fig. 5) . This suggested that recombinant virus was also defective in a step postbinding. To confirm this, the amounts of wild-type and recombinant viruses added to EBV-negative Akata cells were adjusted so that the infectivity of equal amounts of bound virus could be compared. Even when equal or slightly more recombinant virion DNA than wild type was bound to cells, infectivity of the recombinant remained significantly reduced (Fig. 8) . To determine whether this represented a block in virus cell fusion, wild-type virus, a recombinant virus that lacks gp42 and is known to be deficient in fusion, and the gN-minus virus were bound to normal B cells. Cells and bound virus were then treated with the exogenous fusogen polyethylene glycol. The infectivity of virus lacking gp42 was restored at a low level, and polyethylene glycol treatment even increased the infectivity of wild-type virus in the experiment shown. Polyethylene glycol can also rescue a virus that is lacking gH (41) . In repeated attempts, however, it was never possible to increase the infectivity of the small amount of virus lacking gN that bound to cells (Fig. 9) .
Complementation of recombinant virus by expression of gN in trans. Repeated attempts to establish an Akata cell line that constitutively expressed gN from an integrated plasmid were unsuccessful. To confirm that the phenotype of the virus that lacked gN could be attributed to interruption of the BLRF1 ORF, recombinant virus was rescued either into the gastric carcinoma cell line AGS or into an AGS-derived cell line in which approximately 10% of cells expressed gN from the integrated plasmid pIRES-gN-Puro. Cells that were resistant to treatment with both puromycin and G418 were screened for the ability to be induced to make virus. Virus was obtained from a clone in which approximately 15% of cells could be induced to enter the lytic cycle. Virus from the parental AGS line or from the clone that expressed gN were adjusted for DNA content and examined for the ability to bind to and infect EBV-negative Akata cells. Both binding and infectivity of the partially complemented virus were increased (Fig. 10) .
DISCUSSION
Although glycoproteins gN and gM are highly conserved among the herpesviruses, they have generally been considered to be nonessential proteins whose loss has a relatively small effect on replication in vitro. The results presented here demonstrate a very different phenotype for EBV, in which loss of gN sequences also leads to loss of the mature form of gM. EBV lacking the gN-gM complex is defective in several steps in the normal replication cycle (Fig. 11) . Wild-type virus is thought to bud through the inner nuclear membrane and either follow the default exocytic pathway to the cell surface or perhaps undergo a second step of de-envelopment and re-envelopment (21) . Enveloped particles that are released attach to a new cell and fuse with the cell membrane, and the capsid moves to the nucleus. Replication of the recombinant virus differed from this model in several respects. First, a significant proportion of the recombinant virus remained associated with condensed chromatin in the nucleus of the virus-producing cell. Although some enveloped virus could be detected in the cytoplasm, the vesicles containing enveloped particles that could be readily seen in cells producing wild-type virus were not found. Second, enveloped virus was not released in sufficient quantity to be visualized at the cell surface. This was despite the fact that only twofold differences were seen in the amount of encapsidated virion DNA released from cells. It was, however, consistent with the sedimentation analysis that indicated that much of the virus that was released lacked a complete envelope and also with the failure of much of the released virus to bind to cells. The rapid decrease in the viability of cells producing recombinant virus suggested that these incompletely enveloped particles might be released by premature cell lysis. Finally, the small amount of enveloped virus that could bind to cells was defective in a step following fusion or penetration that, at least speculatively, might result from impaired movement of virus from the cell surface to the nucleus to establish a new infection.
The most obvious potential common denominator in this apparently diverse series of defects is the interaction of a partially or completely tegumented capsid with its envelope.
The association of capsids with condensed chromatin is consistent with a failure to associate correctly with the inner nuclear membrane. This in turn would lead to diminished yields of vesicles containing enveloped virus in the cytoplasm. If a de-envelopment and re-envelopment step occurs after exit from the nucleus, the effect might be compounded to produce a significantly reduced yield of infectious extracellular virus. Movement of the capsid away from the membrane of a newly infected cell with which virus has fused requires a dissociation of capsid and envelope. This, intuitively, must involve an alteration in behavior of some of the same proteins as are involved in association and assembly.
gN is a very small protein with a predicted cytoplasmic tail of only 9 amino acids (3). In contrast, gM, which is predicted to be a protein that spans the membrane multiple times, has a po- Wild-type virus buds through the inner nuclear membrane and either follows the default exocytic pathway to the cell surface or undergoes a second step of de-envelopment and re-envelopment. Enveloped particles bind to a new cell and fuse with the cell membrane, and the capsid moves away from the membrane to the nucleus. (B) Virus lacking the gN-gM complex. Many gN-null capsids associate with condensed chromatin. A few appear as enveloped particles in vesicles, and a significant amount of the virus is released without an intact envelope. Virus that remains able to bind to new cells is impaired in infectivity at a step following fusion, perhaps involving movement of capsids away from the cell membrane to the nucleus. tential cytoplasmic tail of 78 amino acids which is highly charged and rich in prolines. The potential for an interaction between tegument proteins would thus appear to be greater for EBV gM than for gN. In this respect the recent findings concerning the role of PRV gM in virion maturation may be pertinent, if not exactly parallel. Although deletion of PRV gM alone had only a relatively small impact on replication (13), the loss of gM, gE, and gI resulted in virus that was impaired in morphogenesis at a stage before envelopment (8) . The contribution of gM was suggested to be in directing tegumented capsids to the budding site for secondary envelopment; the loss of the cytoplasmic tail of gE, which contributes to the phenotype, was thought to play a subordinate role in the presence of gM (9) . Loss of the PRV gN produced a virus that was impaired in penetration but had no effect on morphogenesis (26) . EBV contains no gE or gI homologs and replicates primarily in lymphocytes that do not grow contiguously. The functions that are to some extent shared between gE and gM in PRV may then be entirely carried out by gM in EBV.
The most important caveat to this interpretation is, of course, that the recombinant under study here is not genetically a gM-null virus. In fact, the failure to detect gM was a surprise in that previous expression of gM from a T7 promoter in the absence of gN had produced a protein that was indistinguishable from the wild-type form made in virus-producing cells (30) . Since gM is produced at levels that, at least with our present reagents, we can only detect with a glucosamine label, this could mean either that the protein is not fully processed or that it is turned over at a very rapid rate. However, since the levels of expression of gM under control of a T7 promoter are likely to be much higher than from its endogenous viral promoter, we currently favor the latter hypothesis which suggests that the loss of gN, at least in the context of additional virus proteins with which gM might interact, leads to its destabilization. Derivation of a recombinant virus in which the BBRF3 ORF that encodes gM has been disrupted is clearly a priority, as is a search for potential interactive proteins.
Loss of the gN-gM complex, although it reduces virus infectivity considerably, is not lethal. This implies that there is cooperativity or redundancy between the complex and other EBV membrane proteins. gB may be one such protein, since a recombinant virus lacking gB has been shown to assemble neither nucleocapsids nor enveloped particles (31) . EBV also expresses a glycoprotein encoded by the BFRF1 gene, which is a homolog of HSV U L 34 (14) . HSV mutants that fail to express the U L 34 protein make DNA containing capsids but little enveloped virus (49) . At least three other EBV glycoproteins, (i) gp78, the product of the BILF2 ORF (37), (ii) gp60, the product of the BILF1 ORF (W. J. Kenyon and L. M. Hutt-Fletcher, unpublished data), and (iii) the unknown product of the BMRF2 ORF (46) are all potential players since none has yet been ascribed a function. Derivation of EBV mutants by homologous recombination and selection is extremely laborintensive and time-consuming. The availability of newer technologies (11) , which may make the process much less cumbersome, will hopefully facilitate identification of all the molecules involved in the critical processes of assembly and disassembly of the virion.
